Utah State University

DigitalCommons@USU
All Graduate Theses and Dissertations

Graduate Studies

5-1998

Influence of Streptococcus thermophilus MR-1C Capsular
Exopolysaccharide on Cheese Moisture Level
Deborah Low
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd
Part of the Food Science Commons, and the Nutrition Commons

Recommended Citation
Low, Deborah, "Influence of Streptococcus thermophilus MR-1C Capsular Exopolysaccharide on Cheese
Moisture Level" (1998). All Graduate Theses and Dissertations. 5440.
https://digitalcommons.usu.edu/etd/5440

This Thesis is brought to you for free and open access by
the Graduate Studies at DigitalCommons@USU. It has
been accepted for inclusion in All Graduate Theses and
Dissertations by an authorized administrator of
DigitalCommons@USU. For more information, please
contact digitalcommons@usu.edu.

ll

Copyright © Deborah Low 1998

All Rights Reseived

111

ABSTRACT
I nf1 uence of Streptococcus thermophilus MR-1 C Capsular
Exopolysaccharide on Cheese Moisture Level
by
Deborah Low, Master of Science
Utah State University, 1998
Major Professor: Dr. Jeffery R. Broadbent
Department: Nutrition and Fcxxi Sciences
This study investigated the role of exopolysaccharide (EPS) in cheese moisture
retention. Analysis of low-fat Mozzarella cheese made with different combinations of EPSproducing (Streptococcus thermophilus MR-lC and Lactobacillusdelbrueckii ssp.

bulgaricus MR-lR) and non-EPS-producing (S. thermophilus TA061 and L. helveticus
LHlOO) starters showed significantly higher moisture levels in cheese made with S.

thermophilus MR-lC. To determine if the S. thermophilus MR-lC EPS was responsible
for increased moisture retention, gene replacement was used to inactivate the epsE gene in
this bacterium. Low-fat Mozzarella cheese made with L. helveticus LHlOO plus the EPSnegative mutant, S. thermophilus DMlO, had significantly lower moisture content than
cheese made with LHlOO and MR-lC, which confirmed that the MR-lC capsular EPS was
responsible for the water-binding properties of this bacterium in cheese. Chemical analysis
of the S. thermophilus MR-lC EPS indicated that it had a repeating unit composed of Dgalactose, L-rhamnose, and L-fucose in a ratio of 5:2: 1. Interestingly, carbohydrate
utilization tests showed that DMlO had acquired the ability to ferment galactose.
(41 pages)
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INTRODUCTION
Growing consumer demand for reduced fat foods has led to a significant increase in
the manufacture of lower fat Mozzarella cheese. However, removal of a significant amount
of fat causes physical defects in Mozzarella cheese that are related to an increased protein
concentration and a decreased moisture level (23). In practical terms, the low-fat cheese
has a tough and rubbery texture and poor melt properties (23). The functional properties of
low-fat Mozzarella cheese can be improved if the moisture level of the cheese is increased.
This can be accomplished by modifications to the cheese manufacturing procedure or by
adding protein or polysaccharide-based fat replacers (23, 25). Many bacteria produce
exopolysaccharides, and these polymers are also capable of binding significant amounts of
water (18). For this reason, exopolysaccharide (EPS)-producing (EPS+) lactic acid bacteria
may be useful for the production of low-fat Mozzarella cheese with higher moisture levels.
Perry et al. (25) recently showed that an EPS+ starter pair, Streptococcus thermophilus
MR-1 C and Lactobacillus delbrueckii ssp. bulgaricus MR-lR, did increase the moisture
content oflow-fat Mozzarella cheese.
This study investigated the role of EPS in cheese moisture retention. To establish
the contributions of individual starters to cheese moisture level, low-fat Mozzarella cheese
was made with combinations of EPS+ and EPs· starters. Results showed that only S.
thermophilus MR-lC was needed for the increased moisture in the cheese. Additional
experiments were performed to demonstrate that the EPS produced by MR-1 C was
responsible for the increased cheese moisture level, and to determine the monosaccharide
composition of the MR-lC EPS.
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LITERATURE REVIEW
Lactic acid bacteria (LAB) are a diverse group of industrially important, Grampositive, non-sporeforming bacteria which produce lactic acid as a major product of
carbohydrate fermentation. LAB have been extensively studied because of their role in the
manufacture of cultured food products, particularly dairy products (2). These
microorganisms and other bacteria synthesize a number of polysaccharides, which are
defined by their cellular location or function: extracellular, structural, and intracellular ( 18).
Intracellular polysaccharides are found in the cytoplasm and are used as carbon sources;
structural polysaccharides are constituents of cell wall polymers, and extracellular
polysaccharides are located outside of the cell wall (6). Many strains of the LAB that are
used in dairy fermentations produce extracellular polysaccharides. These polysaccharides
may be tightly associated with the bacterial cell wall as capsules or may be liberated into the
growth medium as a loose slime. The term exopolysaccharide (EPS) is used to refer to
both types of external polysaccharide (29). Exopolysaccharides may be produced as
homopolysaccharides composed of one type of sugar monomer or as heteropolysaccharides
consisting of several types of sugars. Extracellular homopolysaccharides include dextran
and mutan, which are produced by strains of Leuconostoc mesenteroides and

Streptococcus mutans. Extracellular heteropolysaccharides are synthesized by several
species of LAB, including Lactococcus lactis, Lactobacillus delbrueckii subsp. bulgaricus
(henceforth referred to as L. bulgaricus), and Streptococcus thermophilus.

Functions of EPS. Bacterial exopolysaccharides are proposed to have various
biological functions, including roles in pathogenesis, protection against environmental
stresses, and adherence to surfaces (34). For example, capsular EPS impart a more
hydrophilic nature to bacterial cells, which is thought to make pathogenic bacteria less
susceptible to phagocytosis by human neutrophils. Capsules have been proposed to
function in a similar manner in providing protection for soil bacteria from amoeba and
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flagellated protozoa (7). The ability of EPS to mediate the adherence of bacterial cells to
surfaces plays a critical role in biofilm formation and in the pathogenesis of dental caries via
dental plaque formation (7, 35). The capacity of EPS to bind significant amounts of water
prevents the desiccation of bacterial cells by constantly providing a moist environment for
the cells. Capsular EPS may physically block phage receptor sites on the cell wall, thereby
providing the cell with protection against phages that are specific for non-encapsulated
strains ( 18).
Microbial polysaccharides also have many industrial applications. They are used in
oil recovery facilities, textile printing and dyeing, ceramic glazes, pharmaceuticals, and
cosmetics ( 18). Polysaccharides can replace petroleum-derived polymers, which have been
used for viscosity control, emulsification stabilization, and adhesiveness in these products
(12).

Bacterial EPS also have widespread use in the food industry because of their
viscosifying, stabilizing, or water-binding properties (33). These polymers can act as
effective natural alternatives to commercial stabilizers (7). EPS+ LAB are commonly used
as starters in yogurt because EPS improve product viscosity and texture, increase its
resistance to mechanical handling, and decrease its susceptibility to syneresis. Use of EPS+
strains is particularly common in France and the Netherlands, where hydrocolloid
stabilizers of plant or animal origin cannot be added to yogurt (7, 14).

EPS production. Although exopolysaccharides will increase the viscosity of
fermented milks, the magnitude of this effect varies widely because of differences in
bacterial strains and incubation conditions used. The viscosity of milk fermented with
EPS+ bacteria may be affected by different EPS structures as well as by the amount of EPS
produced (6). EPS yield is influenced by several factors, including temperature, pH, and
growth medium composition. The important role that temperature plays in EPS synthesis
is demonstrated by the fact that the production of EPS is enhanced by incubation of the
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EPS+ bacteria at a suboptimal growth temperature (6, 30). EPS synthesis is also favored
when the culture is grown at near neutral pH (18). Finally, it has been shown that the
balance between the carbohydrate substrate and a limiting nutrient, nitrogen, is very
important in polysaccharide production. EPS production is enhanced when the growth
medium contains excess carbohydrate and a limited amount of nitrogen (i.e. a high carbon
to nitrogen ratio) (7, 31). Thus, incubation conditions that slow the bacterial growth rate
favor increased EPS production (6, 29).

EPS composition and biosynthesis. As a result of the use of different
growth media, bacterial strains, and EPS isolation and purification methods, conflicting
reports exist regarding the sugar composition of the EPS and the amount of EPS produced
by individual LAB. Despite these discrepancies, most reports indicate that glucose and
galactose are the primary components of heteropolysaccharides produced by LAB such as

S. thermophilus, Lactococcus /actis, andLactobacillusbulgaricus (6). Galactose is the
predominant monosaccharide found in most exopolysaccharides produced by species of
LAB grown in milk-based media. This is likely due to the fact that the glucose portion of
lactose is metabolized efficiently, but the galactose portion is not and is, therefore, available
for EPS synthesis (7).
Homopolysaccharides like dextran are synthesized outside of the cell using
enzymes that are either secreted or loosely associated with the bacterial cell surface. In
contrast, the mechanism for heteropolysaccharide assembly by dairy LAB is more complex
and is likely similar to that proposed for EPS production in Gram-negative bacteria because
both EPS structures contain repeating sugar units (6). In Gram-negative bacteria, the
precursors for exocellular polysaccharide synthesis are formed within the cytoplasm where
they may be readily channeled to one of several different polymer-synthesizing systems
(31). The exopolysaccharide repeating units are assembled at the cytoplasmic membrane
using the precursors formed intracellularly (6, 35). For exopolysaccharides that are
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synthesized at the cell membrane, activated monosaccharide precursors are required.
Nucleotide di phosphate sugars fulfill this requirement and provide a mechanism for sugar
interconversion through epimerization, dehydrogenation, and decarboxylation reactions (7,
31). Assembly of the repeating units occurs by sequential addition of sugar residues by
specific glycosyltransferases from nucleotide di phosphate monosaccharides to an
undecaprenyl phosphate lipid carrier. Following assembly of the repeat unit on the
isoprenoid lipid, polymerization of the EPS and transport to the outside of the cell
membrane occur (31).
The involvement of undecaprenyl phosphate lipid, an isoprenoid glycosyl carrier
lipid, in EPS biosynthesis is significant because the same carrier lipid is involved in the
synthesis of bacterial cell wall polymers like peptidoglycan, teichoic acids, and
lipopolysaccharides (6). Because of this lipid's function in several polysaccharidesynthesizing systems, EPS biosynthesis is believed to be limited by the availability of the
carrier lipid (32). This theory is supported by observations that EPS yield is reduced under
optimal growth conditions, but EPS yield is increased under suboptimal growth conditions
which reduce the demand for the other polymers (6, 29).
An eps gene cluster encodes enzymes required for EPS biosynthesis, including
enzymes that function in formation of unique sugar nucleotide precursors, repeating unit
biosynthesis, regulation, chain length determination, polymerization, and export (28).
Other enzymes involved in EPS production that are not encoded in the eps gene cluster are
associated with housekeeping functions in the cell. These proteins include enzymes that
catalyze the formation of the nucleotide di phosphate sugars that are used for EPS
production and general sugar metabolic pathways. In E. coli, the reversible reactions of the
Leloir pathway for galactose catabolism provide a means for the formation of the UDPgalactose used in EPS synthesis, even in the absence of exogenous galactose (26, 35).
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Genetic basis for EPS production. The EPS+ phenotype in LAB is unstable
and may be lost following numerous transfers, prolonged periods of storage, or incubation
at temperatures above optimum (7, 28). Consequently, maintenance of the EPS+
phenotype in industrial strains requires periodic reselection from stock cultures. The
instability of the EPS+ trait causes problems in industry due to the central role that the EPS
plays in product quality (28). The instability of EPS production in mesophilic LAB has
been attributed to the fact that eps genes are plasmid-encoded.
In contrast, the genes encoding EPS synthesis in thermoduric LAB appear to be
located on the chromosome. This is based on observations that EPS+ thermoduric strains
rarely contain plasmids and that even when the EPS+ phenotype is lost, it may be recovered
after several transfers in milk (7, 14). Thus, the unstable nature of the eps genes in these
strains is not understood, but it may be related to mobile genetic elements or genomic
instability (28).
The concept of a "cassette" of synthesis genes unique for each polysaccharide may
apply to many, if not all, bacteria which synthesize EPS. Each cassette is composed of
regions responsible for functions such as biosynthesis, polymerization, and export. The
central region of genes responsible for biosynthesis is unique to each bacterial strain and
will vary in sequence and size depending on the size and structure of the repeating unit
(31). Stingele et al. (28) proposed that the highly conserved part of the eps gene cluster in
LAB provided the basis for intergenic recombination which resulted in the great variation of
EPS among these organisms.
A 14 kilobase pair eps gene cluster on the S. thermophilus Sfi6 chromosome was
recently characterized by Stingele et al. and shown to be composed of 13 genes, epsA-M,
which are involved in EPS synthesis (28). Putative functions were assigned to most of the
gene products through protein homology searches against the deduced amino acid
sequences. Those authors found that the overall organization of the eps gene cluster in S.
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thermophilus Sfi6 was similar to that for capsular polysaccharide biosynthesis in Neisseria
meningitidis. The region of the S. thermophilus eps gene cluster involved in regulation
(epsA) is at the beginning of the gene cluster, while the central region which encodes

specific glycosyl, galactosyl, and acetyl transferases responsible for biosynthesis of the
EPS repeating unit (epsE, F, G, H, and l) is flanked by two regions involved in EPS
polymerization and export (epsC and D and eps.J and K) (28).
Mozzarella cheese. Mozzarella cheese is an Italian cheese which has a large
market in the United States. Because Mozzarella cheese has an elevated cook temperature,
the starter cultures for Mozzarella cheese traditionally include strains of the thermcxiuric
species Streptococcus thermophilus and either Lactobacillus delbrueckii ssp. bulgaricus or
Lacto bacillus helveticus (17, 24).

Growing consumer demand for reduced fat foods has prompted a dramatic increase
in the development and manufacture of lower fat cheeses, including Mozzarella. However,
Mozzarella cheese becomes tougher and more difficult to melt when a significant amount of
fat is removed from the cheese. These physical defects are correlated with the increased
concentration of protein and with the distribution of moisture in the cheese (23). Analysis
of the microstructure of Mozzarella cheese has demonstrated that the fat and a large portion
of the water are contained in columns, within the protein matrix, which are formed when
the cheese curd is heated and stretched (22, 23). The fat globules in the cheese normally
prevent the protein strands from coalescing, so fat removal reduces the number of columns
in the protein matrix. If no fat is present, the protein fibers will coalesce until the matrix is
packed so tightly that further compaction is not possible. Consequently, water is forced
out of the cheese matrix, and the cheese has a lower moisture content and a tough, rubbery
texture (23). For these reasons, manufacturing procedures for Mozzarella cheese have
been modified to increase moisture retention and maintain good physical properties in the
reduced fat cheese. Merrill and coworkers (23) showed that elevated milk pasteurization
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temperature, pre-acidification of the milk, larger cutting knives, and lower cook
temperatures facilitated moisture retention in reduced fat Mozzarella. Since EPS has the
capacity to bind significant amounts of water, EPS+ LAB may be useful for the production
of reduced-fat and low-fat Mozzarella cheese with increased water levels. This hypothesis
was supported by the work of Perry et al. (25), who showed that some EPS+ starters could
increase the moisture content of low-fat Mozzarella. The purpose of this study was to
investigate the contributions of the EPS-producing starters to moisture retention in low-fat
Mozzarella and the role of EPS in this phenomenon.
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INFLUENCE OF STREPTOCOCCUS THERMOPHILUS MR-lC
CAPSULAR EXOPOL YSACCHARIDE ON
CHEESE MOISTURE LEVEL

Introduction. Lactic acid bacteria (LAB) are a diverse group of industrially
important, Gram-positive, non-sporeforming microbes that produce lactic acid as a major
product of carbohydrate fermentation. Many strains of LAB prcxluce extracellular
polysaccharides which may be tightly associated with the bacterial cell wall as capsules or
liberated into the growth medium as a loose slime (6). The tenn exopolysaccharide (EPS)
may be used to refer to both types of external polysaccharide. Exopolysaccharides may be
produced as homopolysaccharides composed of one type of sugar monomer or
heteropolysaccharides that contain several types of sugar monomers (29). Extracellular
homopolysaccharides are made by LAB such as Leuconostoc mesenteroides and
Streptococcus mutans, while extracellular heteropolysaccharides are produced by several
species of LAB including Streptococcus thermophilus and Lactobacillus delbrueckii ssp.
bulgaricus ( 6).
The ability to produce EPS is unstable in LAB and may be lost following numerous
transfers, prolonged periods of storage, or incubation at temperatures above the growth
optimum (7, 28). The instability of EPS prcxluction in mesophilic LAB has been attributed
to the fact that the genes involved in polymer prcxluction are plasmid-encoded. In contrast,
genes for EPS production in thermoduric LAB such as S. thermophilus and Lacwbacillus
delbrueckii ssp. bulgaricus are believed to be chromosomally encoded (7). Consequently,
the unstable nature of the EPS phenotype in thermcxluric strains is not understood, but may
be related to mobile genetic elements or genomic instability (28).
Because of the ability of EPS to act as viscosifying, stabilizing, or water-binding
agents in various foods, these polymers can act as effective natural alternatives to
commercial stabilizers (7). For example, EPS-producing (EPS+) LAB are commonly used
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as starter cultures for yogurt manufacture because EPS improves the viscosity and texture
of yogurt and decreases its susceptibility to syneresis (loss of whey from the curd) (14,
33).
Various water-binding agents have also been added to low-fat Mozzarella cheese
because it has been shown that the cheese's texture is influenced by its moisture level (22,
23). Analysis of cheese microstructure has shown that in full-fat or part-skim Mozzarella,
the fat and a large portion of the water are located within channels that are formed by fat
globules when the cheese curd is heated and stretched (22, 24). In low-fat Mozzarella
cheese, however, there are very few fat globules to break up the protein matrix, resulting in
less space for water retention (24). As a consequence, the cheese is tough and rubbery and
has poor melt properties (23).
Merrill et al. showed that procedures which increased moisture levels in reduced-fat
and low-fat Mozzarella cheese improved the body, texture, and functional properties of the
Mozzarella cheese (23). Since EPS has the capacity to bind significant amounts of water, it
was the hypothesis of our group that EPS+ LAB may be useful for the production of
reduced-fat and low-fat Mozzarella cheese. Work by Perry et al. (25) recently showed that
an EPS+ starter pair, Streptococcus thermophilus MR-1 C and Lactobacillus delbrueckii ssp.

bulgaricus MR-lR, could be used to significantly increase moisture levels of low-fat
Mozzarella cheese. In this study, we investigated the individual contributions of MR-lC
and MR-lR to cheese moisture retention and the role of EPS in this phenomenon.
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MATERIALS AND METHODS
Bacterial cultures. The bacteria and plasmids used in this study are listed in
Table 1. All bacterial cultures were incubated at37°C, stored at 4°C, and maintained by
biweekly transfer. Streptococcus thermophilus TA06l, MR-IC, and DMlO were grown in
Ml 7 broth (32) containing 0.5% lactose, while Lactobacillus helveticus LHlOO and
Lactobacillusdelbruecldi ssp. bulgaricus MR-IR were cultured in MRS broth (9).
Escherichiacoli strains were grown in Luria-Bertani broth (20) with shaking.

Influence of individual starter cultures on cheese moisture level. To
evaluate the individual contribution of EPS+ starter bacteria to cheese moisture levels, 10-kg
vats of low-fat (6% fat) Mozzarella cheese were made by the method of Perry et al. (25)
using different combinations of EPS+ and EPs-starters. The EPS+ starters included in this
work were Streptococcus thermophilus MR-IC and Lactobacillusdelbruecldi ssp.
bulgaricus MR-IR, while EPs- starters were S. thermophilusTA061 and L. helveticus

LHIOO. Mozzarella cheese was manufactured on three separate occasions using four
different starter combinations: MR-lC plus MR-IR, MR-IC and LHlOO, TA06I and
LHlOO, and TA06I plus MR-IR. The level of starter inoculum ranged from 0.5% to 1.0%
and was adjusted to obtain a uniform rate of acid production in all vats. Cheese moisture
content was analyzed using a vacuum oven (19) after I day of storage at 4°C, and then
differences in moisture content were statistically evaluated using analysis of variance
(ANOVA).

DNA isolation and manipulations. Plasmid DNA was isolated from S.
thermophilus by the method of Anderson and McKay ( 1). Isolation of plasmid DNA from
E. coli, restriction enzyme digestions, DNA ligation, and agarose gel electrophoresis were

performed as described by Maniatis et al. (20).
Template DNA for polymerase chain reaction (PCR) experiments was isolated
using a method developed by Batt (3). Cells (250 µl) from an overnight culture were

TABLE 1. Bacteria and plasmids used in this study

Bacterium or plasmid

Relevant characteristic (source or reference)

Streptococcus thermophilus MR-1 C

Exopolysaccharide producer (25)

Streptococcus thermophilus TA061

Exopolysaccharide-negative Mozz.arella cheese starter (25)

Streptococcus thermophilus DMlO

Exopolysaccharide-negative mutant of strain MR-1 C (this study)

Lactobacillus delbruecldi subsp. bulgaricus MR- lR

Exopolysaccharide producer (25)

Lactobacillus helveticus LHlOO

Exopolysaccharide-negative Mozz.arella cheese starter (25)

Escherichia coli INVaF'

Cloning host (lnvitrogen, Carlsbad, Calif.)

Plasmids•
pSA3

Em' shuttle vector (4, 8)

pCR2.1

Kan' cloning vector (lnvitrogen)

aAbbreviation: Em', encodes erythromycin resistance; Kan', encodes kanamycin resistance.

........
N
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collected by centrifugation, washed once in 100 µl of phosphate-buffered saline (PBS)
(140 mM NaCl, 3 mM KCl, 10 mM N<iiHP04 , 2 mM KH 2 P04 , pH 7.4), and suspended
in 10 µl lOX PCR Buffer II (Perkin Elmer Corp., Norwalk, Conn.), 85 µl sterile distilled
H 2 0, and 4 µl freshly prepared chicken egg-white lysozyme (10 mg/ml) (Sigma Chemical
Co., St. Louis, Mo.). After a 15-min incubation at 37°C, 1 µl proteinase K (50 mg/ml)
(Sigma Chemical Co.) was added, and the suspension was incubated at 50-55°C for 1 h,
then boiled for 10 min to inactivate cellular enzymes. The template DNA was stored at
-20°C until needed.
The oligonucleotide primers used to amplify fragments of the eps genes were
designed using the S. thermophilus eps gene cluster sequence described by Stingele et al.
(28) and are shown in Table 2. The location of individual primer binding sites within the

eps gene cluster is shown in Figure 1. Thirty PCR cycles were performed in a Perkin
Elmer DNA Thermal Cycler Model 480 (Foster City, Calif.) using the following
parameters: denaturation at 96°C for 15 seconds, annealing for 30 seconds, and extension
at 72°C for 1.5 min. The primer annealing temperature ranged from 39°C to 43 °C,
depending on the set of primers used (Table 2).
DNA sequences were determined through the DNA sequencing services provided
by the Utah State University Biotechnology Center. The sequencing was performed using
an ABI-PRISM Dye Terminator Cycle Sequencing kit and an ABI 373 Stretch DNA
Sequencer (Perkin Elmer, Norwalk, Conn.).

Suitability of pSA3 as an integration vector for S. thermophilus MR1 C. Plasmid pSA3, a streptococcal-£. coli shuttle vector which encodes erythromycin

resistance, has been used as a temperature-sensitive integration vector for gene replacement
in L. helveticus (4). Temperature-sensitive replication is a very useful property in
integration vectors for bacteria such as S. thermophilus, which are difficult to transform at
high frequency because it allows researchers to uncouple low-frequency transformation and
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TABLE 2. Oligonucleotide primers used for polymerase chain reactions
Annealing

Source or

temperature

reference

Primer

Sequence (5' -3')

epsB-f

TTATTATGGAGGTGAAC

39°C

28

epsE-r

ATATGCCACCGA'l 1111

39°C

28

epsA-f

TAGTGACAACGG1TGTACTG

40°C

This study

epsA-r

GATCATTATGGACTGTCAC

40°C

This study

epsCD-f

ATCCAACCAACATATACATCA

43°C

This study

epsCD-r

AGGTGGAACAGGACCAGATG

43°C

This study

epsF-f

ACCAGATATTGTACATTGTC

40°C

This study

epsF-r

TGTCATAGGCTGTCACAAC

40°C

This study

integration events during cell selection. Selection for the vector-encoded antibiotic
resistance is first performed at the permissive temperature to isolate transformants, and then
selection is performed at the nonpermissive temperature to force vector integration into the
chromosome (4).
To determine whether pSA3 could also be used as a temperature-sensitive
integration vector for S. thermophilus, its stability in S. thermophilus MR-lC at 37°C and
45°C was investigated. S. thermophilus MR-1 C competent cells were prepared essentially
as described by Marciset and Mollet (21), and electroporation with pSA3 was done using a
Bio-Rad GenePulser (Richmond, Calif.) apparatus set at the following parameters: field
strength= 10.25 kV/cm, resistance= 400 0, capacitance= 25 µF. After electroporation,
cells were plated on Ml 7-lactose agar that contained 5 µg per ml of erythromycin and were
incubated at 37°C for 48 h. Erythromycin resistant (Em) colony forming units (CFUs)

.
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epsA-f epsA-r

epsF-f

epsB-f

epsF-r

epsE-r

..
epsCD-f

epsCD-r

FIG. 1. Schematic representation of the Streptococcus thermophilus MR- 1C

epsA-F locus and annealing sites for the oligonucleotide primers used in the study.

were isolated. The stability of pSA3 in the resulting trans formant, S. thermophilus MR-1 C
(pSA3), was followed by growth of the strain in Ml7-lactose broth without erythromycin
at 37°C and 45°C. After each transfer, 0.1-ml aliquots of the cell suspension were plated
on Ml 7-lactose agar without erythromycin to determine the total number of CFU per ml.
The cells were also plated on Ml 7-lactose agar with erythromycin to determine the fraction
of the population that had been able to retain pSA3.

Gene replacement.

Because Stingele et al. (28) showed that the epsA, B, C,

and D genes may exist in EPS+ and EPs· strains of S. thermophilus, the S. thermophilus
MR-lC epsE gene was selected for inactivation by gene replacement. A 2.4-kilobase (kb)
pair fragment containing a portion of the MR-1 C epsE gene was obtained by PCR using S.

thermophilus MR-lC template DNA and primers epsB-f and epsE-r. This fragment was
ligated into the vector pCR2.1 (lnvitrogen, Carlsbad, Calif.) and cloned into E.coli
INVaF'. An internal deletion in the cloned epsE gene was generated by digestion with
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Hpal (New England Biolabs, Beverly, Mass.) and treatment with exonuclease III by the

method of Henikoff ( 16), except that mung bean nuclease (New England Biolabs) was
used instead of Sl nuclease to generate blunt ends before ligation. The recombinant
plasmid, pSTlOO, contained a 0.6-kb deletion in the cloned epsE gene fragment. An
integration vector, pSTlOl, was constructed by insertion of the 1.8 kb Sphl-BamHI
fragment of pSTlOO into Sphl-BamHI-digested pSA3. This recombinant plasmid was
introduced into S. thermophilus MR-1 C by electroporation, and Emr transformants were
isolated. Integration of pSTlOl into the S. thermophilus MR-IC chromosome was
induced by propagation of the Emr transformant, S. thermophilus MR-lC(pSTlOl), in
M17-lactose broth that contained 5 µg/ml erythromycin at the nonpermissive temperature
45°C. After five transfers under those conditions, the cells were incubated at 37°C to
induce a second DNA recombination event that would result in gene replacement or
reversion to the wild-type ( 15). The ruthenium red plate assay of Stingele et al. (28) was
used to identify EPs- CFU, and the Duguid staining method (13) was used to confirm
capsule loss.

Preliminary Characterization of EPS. EPS was isolated from S.
thermophilus MR-lC by the following method. Two liters of M17-lactose was inoculated

from an overnight culture and incubated at30°C for 24 h. The culture was divided into
eight 250-ml centrifuge bottles and centrifuged for 15 min at 16,000 x g. The supernatant
was discarded, and each pellet was resuspended in 50 ml of cold PBS, pH 7.0. The
samples from two bottles were combined into one bottle (i.e., 100 ml per bottle). The
centrifugation and wash steps were repeated three times; then each pellet was resuspended
in 20 ml of PBS. Forty milliliters of sample were put into each 40-ml centrifuge tube, and
the tubes were placed in boiling water for 15 min. The tubes were cooled on ice and then
each sample was put in a 100-ml beaker and 12.5 ml of 20% trichloroacetic acid (TCA)
was added. The suspensions were stirred gently on ice for 30 min, and then each sample
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was divided into two 40-ml centrifuge tubes. The samples were centrifuged at 26,000 x g
for 20 min, and the supernatants from two 40-ml tubes were transferred into one 250-ml
centrifuge bottle. Three volumes of cold 100% ethanol were added, and the samples were
placed at-20°C overnight. The solutions were centrifuged at 19,500 x g for 20 min, and
the supernatant was discarded. Fifty milliliters of cold 75% ethanol was added, and the
samples were centrifuged as before. The supernatant was removed, and then each pellet
was dissolved in 9 ml of double deionized water (ddH 20). The samples were centrifuged
for 10 min at 28,000 x g, and the supernatant was transferred to fresh 40-ml centrifuge
tubes. Three volumes of cold 100% ethanol were added, and the samples were placed at 20°C for 4 h, then centrifuged for 20 min at 28,000 x g. The supernatant was discarded,
and each pellet was resuspended in 5 ml of ddH 2 0. After 3.4 ml of acetone had been
added to each tube, the samples were incubated at -20°C for 1 h, then centrifuged at 26,000
x g for 20 min. The supernatant was discarded and each pellet was dissolved in 2 ml of
ddH 20. SpectraPor Standard Cellulose Dialysis Tubing (M. W. cutoff: 12,000-14,000) in
ddH 2 0 was soaked for 2 h. All of the samples were combined and put into the dialysis
tubing. The EPS was dialyzed against ddH 2 0 for 48 h, then lyophilized.
The EPS was acid hydrolyzed using the following steps. Two mg of lyophilized
EPS was suspended in 500 µl of ddH20 and placed in a 5-ml ampoule. Six normal HCl
was added to a final concentration of 2N. The samples were flushed under N2 for 1 min,
then evacuated under low vacuum for 1 min. The vials were sealed, then incubated at
l00°C for 2 h. Cooled tubes were dried in a desiccator in the presence of NaOH.
Thin layer chromatography of the hydrolyzed EPS was performed using silica gel
plates and a solvent of n-propanol/ammonia/ddH2 0 in a 6:3: 1 ratio. The sugars were
visualized using alkaline AgN03 •

EPS composition. EPS was isolated from S. thermophilus MR-lC by the
methcxl of Stingele et al. (28). For the identification of native sugar components, 7 mg of
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the purified EPS was hydrolyzed with 2 ml of 2 M trifluoroacetic acid (TFA) in a sealed
tube at 120°C for 1 h. The TFA was removed, and the sugars were converted to their
peracetylated aldononitrile (PAAN) derivatives (27) then analyzed by gas chromatographymass spectroscopy (GC-MS). The GC-MS was done on a crosslinked methylsilicone
capillary column (2S m x 0.022 id x 0.1 µm thickness) using a Perkin Elmer Sigma 3B gas
chromatograph coupled to a Hewlett-Packard S970 Mass Selective Detector (HewlettPackard, Wilmington, Del.) with an electron impact ion source of 70 eV. Helium was used
as a carrier gas for all GC analyses. The column temperature was held at l60°C for 3 min,
then raised S°C per min to 18S°C . The identity of each compound was determined by
matching the mass spectra to known standards.
By methylation of the intact native polysaccharide prior to TFA hydrolysis, the
location of linkage sites within the polysaccharide can be determined. Thirteen milligrams
of the purified polymer was permethylated with sodium methylsulfinyl methanide and
methyl iodide in dimethyl sulfoxide (27). The methylated EPS was hydrolyzed with TFA
as described above, and the sugars were converted to their corresponding PAAN
derivatives. For the separation of these compounds, the GC column temperature was held
at 130°C for 3 min, raised S°C/min to 16S°C, and then held at 16S°C for 10 min.
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RESULTS

S. thermophilus MR-lC is responsible for increased cheese moisture
levels. To investigate the contribution of individual EPS+ starters to cheese moisture
levels, low-fat Mozzarella cheese was made using combinations of EPS+ and EPs- starters.
Cheeses made with S. thermophilus MR-1 C had an average of 1.3 % more moisture than
cheeses made with S. thermophilus TA06l (Table 3). Analysis of variance (ANOVA) of
the resulting moisture data showed that the only factor which significantly influenced the
moisture in the cheeses made with MR-lC and MR-lR, MR-lC and LHlOO, TA061 and
MR-lR, and T A061 plus LHlOO was the coccus used in the cheese making (P < 0.01)
(Table 4).

Partial characterization of the MR-lC e ps gene cluster. To determine
whether or not the S. thermophilus MR- lC EPS was responsible for the water-binding
property of this bacterium, we decided to inactivate EPS production in MR-lC by gene
replacement. Stingele et al . recently characterized the eps gene cluster of S. thermophilus
Sfi6 and showed that EPS biosynthesis involved 13 genes, epsA-epsM, that are
sequentially arranged on a 14-kb pair fragment of the Sfi6 chromosome (28). Partial
characterization of the S. thermophilus MR-lC eps gene cluster by PCR showed that it was
similar in organization to that of S. thermophilus Sfi6 through epsF. Deduced amino acid
sequences in the EpsA to EpsF region of S. thermophilus MR-1 C indicated that these
proteins are between 95 and 99% identical with those in Sfi6 (Table 5).

pSA3 stability in S. thermophilus MR-lC. To investigate whether the
plasmid pSA3 could be used as a temperature-sensitive integration vector for gene
replacement in S. thermophilus MR-1 C, pSA3 was electroporated into MR-1 C, and the
plasmid's stability at 37°C and 45°C was determined. Growth studies demonstrated that
pSA3 was stable when S. thermophilus MR-1C(pSA3) was grown at37°C, but was
rapidly lost when the bacterium was incubated at 45°C (Figure 2). The temperature-
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TABIE 3. Influence of various Streptococcus th.ermophilus and Lactobacillus sp. starter
pairs on the moisture content of low-fat Mozzarella cheese

Cheese moisture level(%)
Starter combination

trial 1

trial 2

trial 3

62.6 ± 0.1

63.8 ± 0.0

61.9 ± 0.1

62.2 ± 0.1

64.3 ± 0.1

61.6±0.1

61.6 ± 0.4

62.9 ± 0.1

60.0 ± 0.0

61.8 ± 0.1

62.6 ± 0.1

60.0 ± 0.2

S. thermophilus MR-lC plus
L. delbrueckii subsp. bulgaricus MR-lR

S. thermophilus MR-lC plus
L. helveticus LHlOO

S. thermophilus T A061 plus
L. delbrueckii subsp. bulgaricus MR-lR

S. thermophilus T A061 plus
L. helveticus LHlOO

TABLE 4. ANOV A for moisture of Mozzarella cheese as a function of starter culture.
F value

p

24.41

0.0006

0.017

0.12

0.7444

4.877

4.877

33.68

0.0011

0.002

0.002

0.01

0.9131

Sum of Squares Mean Square

Source

DF

Model

5

17.674

3.535

Error

6

0.8688

0.145

Corrected Total

11

18.542

Rod

1

0.017

Coccus

1

Rod*Coccus Interaction

1
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TABLE 5 . Amino acid homologies between enzymes involved in exopolysaccharide
biosynthesis in Streptococcus thermophilus strains MR-lC and Sfi6
Region of alignment"

% amino acid identity

EpsA

77-337

97.9

EpsB

76-195

97.5

EpsC

46-128

95.2

EpsD

20-124

96.5

EpsE

25-150

99.3

EpsF

38-227

96.0

Enzyme

a Amino

acid sequences for MR-1 C enzymes were deduced from partial nucleotide

sequences for each gene. Residue numbers correspond to the primary structures of
S. thermophilus Sfi6 enzymes (28).

dependent nature of pSA3 maintenance in MR-1 C indicated that pSA3 could be used as a
temperature-sensitive integration vector for gene replacement in S. thermophilus MR-1 C.

Inactivation of the S. thermophilus MR-IC epsE gene. When the gene
replacement experiments were completed, an EPs- mutant of S. thermophilus MR-lC was
isolated from milk agar that contained ruthenium red dye, and the absence of a capsule was
confirmed using the Duguid capsule stain. DNA sequence analysis of the EPs- mutant,
designated S. thermophilus DMlO, showed that the bacterium contained a frameshift
mutation in the epsE gene. Interestingly, API 50 carbohydrate tests (bioMerieux Vitek,
Inc., Hazelwood, Mo.) revealed that in addition to its native (wild-type) ability to ferment
lactose, glucose, and sucrose, DMlO had acquired the ability to ferment galactose.

The MR-IC capsular EPS is required for increased cheese moisture
levels. To establish whether or not the S. thermophilus MR-lC capsular EPS was
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FIG. 2. Stability of pSA3 in Streptococcus thermophilus MR-lC grown in M17lactose broth without erythromycin (Ery) at37 (•and 0) and 45°C (•and 0). Open
symbols represent total cell counts from plating on M17-lactose agar. Closed symbols
represent cell counts from plating on Ml 7-lactose agar that contained 5 µg of Ery per ml.
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TABLE 6. Influence of the Streptococcus thermophilus MR-lC capsular
exopolysaccharide on the moisture content of low-fat Mozzarella cheese

Cheese moisture level(%)
Starter combination

Streptococcus thermophilus DMlO plus
Lactobacillus helveticus LHlOO

57.7

0.2

58.8 ± 0.5

58.8

±

0.1

61.2 ± 0.0

62.8 ± 0.5

61.8

±

0.4

±

S. thennophilus MR- lC plus
L. helveticus LHlOO

responsible for increased moisture retention in low-fat Mozzarella cheese, cheese was made
with L. helveticus LHlOO and S. thermophilus MR-lC or DMlO. Moisture analysis
showed that cheese made with DMlO and LHlOO contained an average of 3.5% less water
than cheese made with MR-lC and LHlOO (Table 6) , and ANOVA confirmed that this
difference was significant (P < 0.01) (Table 7).

Preliminary EPS Characterization. For preliminary composition analysis,
the monosaccharides in the acid hydrolyzed MR-1 C EPS were separated by thin layer
chromatography (Figure 3). The first and third lanes in the chromatogram are standards
containing 0.3 µg each of glucose, galactose, and rhamnose. The last lane is a standard
containing 20 µg each of glucose and galactose and 40 µg of rhamnose. Based on the
chromatogram, the MR-1 C EPS appeared to be composed primarily of galactose and
rhamnose.
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TABLE 7. ANOV A for moisture of Mozzarella cheese as a function of starter culture.
Source

DF

Model

3

20.399

6.800

Error

2

0.25I

O.I25

Corrected Total

5

20.650

Coccus

I

I8.550

Sum of Squares Mean Square

I8.550

F value

p

54.22

O.OI82

I47.9I

0.0067

Composition of the MR-1 C heteropolysaccharide. To establish the
identity of MR-IC EPS sugar monomers, EPS PAAN derivatives were prepared and then
analyzed by GC-MS. The GC-MS analysis showed that the most abundant
monosaccharides in the MR-IC capsule were galactose (70.8 mole%) and rhamnose (18.3
mole%) (Table 8). An additional deoxysugar eluting at 4.0 min was identified as f ucose
(6.6 mole%). Traces of glucose and mannose were also found (3.5 and 1.0 mole%,
respectively), but these sugars were believed to be contaminants from media components
that were not removed during the EPS purification procedure.
To determine the location of linkage sites in the MR-lC basic repeating unit, the
EPS was permethylated prior to hydrolysis, conversion to PAAN derivatives, and analysis
by GC-MS. The identity and elution time of the PAAN derivatives thus obtained are listed
in Table 9. A 4-methyl rhamnose PAAN, a 2,3,4-trimethyl-fucose PAAN, a 2,3,4,6tetramethyl galactose PAAN, and a 2-methyl-rhamnose PAAN were found. The most
abundant compound, at 33.7 mole%, was 2,4,6-trimethyl-galactose PAAN. We also
found 11.7 mole% of 2,3,4-trimethyl-galactose PAAN, as well as I4. l mole% of 3,4,6trimethyl-galactose PAAN.

25

A

8

c

D

E

F

G

RG. 3. Thin layer chromatogram of acid-hydrolyzed Streptococcus thermoplzilus
MR-IC exopolysaccharide (EPS). Samples present in each lane include: A and C,

standard mixture (0.3 µg each) of glucose, galactose, and rhamnose; B, MR-IC EPS; D,
20 µg glucose; E, 20 µg gaJactose; F, 40 µg rhamnose; and G, standard mixture of glucose
(20 µg), galactose (20 µg), and rhamnose (40 µg).
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TABLE 8. Identification of Streptococcus thermophilus MR-1 C polysaccharide component
sugars by gas chromatography and mass spectroscopy
Peracetylated aldononitrile derivative

Retention time (min)

Mole%

Rhamnose

3.6

18.3

Fucose

4.0

6.6

Man nose

7.4

1.0

Glucose

7.6

3.5

Galactose

8.1

70.8

TABLE 9. Identification of permethylated, peracetylated aldononitrile (PAAN) derivatives
from the Streptococcus thermophilus MR-lC exopolysaccharide

PAAN methyl sugar

Linkage sites

Retention time (min)

Mole%

2,3,4-tri-0-methyl-L-fucose

1

5.4

4.8

4-mono-0-methyl-L-rhamnose

1, 2, 3

7.8

4.6

2,3,4,6-tetra-0-methyl-D-galactose

1

8.3

15.8

2-mono-0-methyl-L-rhamnose

1, 3, 4

8.5

8.6

2,4,6-tri-0-methyl-D-galactose

1, 3

10.3

33.7

3,4,6-tri-0-methyl-D-galactose

1, 2

10.6

14.1

2,3,4-tri-O-methyl-D-galactose

1, 6

11

11.7
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DISCUSSION
The objective of this study was to investigate the role of EPS in Mozzarella cheese
moisture retention. Low-fat Mozzarella cheese made with EPS+ and EPS- starter
combinations showed that S. thermophilus MR-1 C, a strain that is known to produce a
large capsular EPS (25), was solely responsible for the increased moisture level observed
in cheese made with EPS+ starters. To determine whether the S. thermophilus MR-lC
capsule was responsible for the water-binding property of this bacterium, the epsE gene of
this bacterium was inactivated by gene replacement. Mozzarella cheese made with L.

helveticus LHlOO and the EPs- mutant, S. thermophilus DMlO, had significantly lower
moisture levels than cheese made with LHlOO and S. thermophilus MR-1 C. This result
demonstrated that the water-binding properties of S. thermophilus MR-lC in cheese were
due to the capsular EPS produced by the bacterium.
Compositional analysis of the MR-lC capsule showed that it had an octameric
repeating unit composed of D-galactose, L-rhamnose, and L-fucose in a ratio of 5:2: 1.
Fucose has not been previously reported in exopolysaccharides from LAB, but a
polysaccharide from S. thermophilus OR 901 recently described by Bubb et al. (5)
contained galactose and rhamnose in a ratio of 5:2 (Figure 4). Examination of EPS
methylation data for the MR-lC capsule suggested that it may be structurally similar to the
OR 901 EPS. The OR 901 and MR-lC EPS each contain a nonreducing terminal
galactose. A 2-methyl-L-rhamnose PAAN was detected in MR-lC and is found in the OR
901 EPS at the junction of the backbone and the digalactose side chain. The 2,4,6trimethyl-D-galactose PAAN found in the MR-lC sample represents a galactose linked at
its C-3 position; the OR 901 heptasaccharide repeat unit has two backbone galactose
moieties with linkages at this position. The MR-lC EPS yielded 2,3,4-trimethyl-Dgalactose PAAN and 3,4,6-trimethyl-D-galactose PAAN, which indicate the presence of
galactose substituted at its C-6 position and galactose linked at its C-2 position,
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respectively. The OR 901 EPS also includes galactose units with these two types of
linkages in its structure. The fucose moiety from the MR-lC sample was a 2,3,4trimethyl-L-fucose PAAN, indicating that it is located at the end of a sidechain rather than at
an internal linkage position. A terminal unsubstituted rhamnose like that found in the OR
901 EPS would yield a 3,4-dimethyl-L-rhamnose PAAN derivative. However, in the MRlC EPS, a 4-methyl-L-rhamnose PAAN rather than a3,4-dimethyl-L-rhamnose PAAN
was detected. The presence of the 4-methyl-L-rhamnose PAAN in MR-lC indicated that
the f ucose in MR-1 C may be attached to the terminal rhamnose residue, which is
unsubstituted in the OR 901 polymer (5). This theory is supported by the finding that the
4-methyl-L-rhamnose PAAN and 2,3,4-trimethyl-L-fucose PAAN in MR-lC occurred in
essentially equimolar ratios (4.9:4.6 rhamnose to fucose).
Based on the similarities between the sugars in the S. thermophilus OR 901 and
MR-lC EPS, we propose that the S. thermophilus MR-lC EPS has a basic repeating unit
very similar to that described by Bubb et al. (5), except that L-fucose is substituted on the
terminal L-rhamnose residue (Figure 4).
Finally, an interesting and unexpected attribute in S. thermophilus DMlO was the
expression of galactose fermenting ability (Gal+). Strains of S. thermophilus typically are
unable to ferment galactose, yet genes encoding the key Leloir enzymes galactokinase
(GalK), galactose 1-phosphate uridyltransferase (GalT), uridine diphospho-galactose-4
epimerase (GalE), and mutarotase (GalM) have been isolated from this species (10, 11).
This finding has led to suggestions that in S. thermophilus, the Leloir enzymes may
function for the production of uridine diphospho sugar precursors for EPS biosynthesis
(26). Nevertheless, De Vos ( 10) has reported that Gal+ S. thermophilus can be obtained by
mutations in the gal promoter region that increased transcriptional activity, and suggested
that the Gal- phenotype of this bacterium was due to very low-level expression of Leloir
enzymes. The S. thermophilus epsE gene is thought to encode the galactosyltransferase
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I
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FIG. 4. a) Structure of the Streptococcus thermophilus OR 901
heteropolysaccharide (5). b) Proposed structure of the S. thermophilus MR-lC capsular
heteropolysaccharide. Abbreviations: Gal= galactose; Rha = rhamnose; Fuc = fucose.

that catalyzes the first step in the assembly of the EPS basic repeating unit, i.e., transfer of
galactose-1-phosphate from UDP-galactose to the undecaprenyl-phosphate lipid carrier
(28). For this reason, inactivation of epsE may be expected to result in an accumulation of
UDP-galactose within the cell. Since overproduction of phosphorylated sugars can be
toxic, survival and growth of S. thermophilus DMlO might require a Gal+ phenotype.
Experiments are now underway to determine whether the acquisition of this phenotype was
a primary (e.g., UDP-galactose was an inducer of the gal operon) or secondary (e.g.,
coincidental mutation in the gal promoter region) effect of epsE inactivation in S.
thermophilus DMlO.
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SUMMARY AND CONCLUSIONS
The growing market for reduced fat fcxxls has prompted a dramatic increase in the
development and manufacture of lower fat cheeses, including Mozzarella. However,
significant fat removal causes physical defects in Mozzarella cheese due to increased protein
concentration and decreased moisture levels. To address this problem, manufacturing
procedures for low-fat Mozzarella cheese have been modified to enhance moisture retention
and maintain good physical properties in reduced fat cheese. Because EPS can bind
significant amounts of water, EPS+ LAB may be useful for the production of low-fat
Mozzarella cheese with increased moisture levels. This hypothesis was supported by the
work of Perry et al. (25), who showed that some EPS+ starters could increase the moisture
content of low-fat Mozzarella cheese.
This study showed that S. thermophilus MR-lC significantly increased moisture
retention in low-fat Mozzarella cheese and demonstrated that this effect was due to the
capsular EPS produced by the bacterium. The fact that the MR-lC EPS is tightly
associated with the bacterial cell wall as a capsule indicates that in cheese manufacture the
EPS will be trapped in the cheese curd with the bacterial cells instead of being lost in the
whey as it would be if the EPS were secreted as a loose slime. This is important because
the presence of EPS in the whey would likely interfere with whey processing and because
there would be less EPS in the cheese to bind water.
In other experiments in this study, the composition of the MR-lC capsule was
analyzed; the EPS is proposed to be composed of a unique octameric repeating unit of Dgalactose, L-rhamnose, and L-fucose in a ratio of 5:2: 1. Finally, expression of galactose
fermenting ability (Gal+) in the EPS- mutant, S. thermophilus DMlO, supported
suggestions that in S. thermophilus, enzymes for the Leloir pathway are probably involved
in EPS biosynthesis.
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